A redox species was extracted from water (50 × 10 -6 dm 3 ) into a single micro-oil-droplet (30 × 10 -12 dm 3 ) in contact with a microelectrode using microcapillary injection and manipulation techniques. Further, an in situ microanalysis of the solute in a single oil droplet was demonstrated by differential pulse voltammetry. The redox species of 10 -16 mol concentrated in the droplet could be quantitatively analyzed independently of the distribution coefficient of the solute between the oil and water phases. The potential of this technique was considered in terms of the preconcentration and separation as well as a microanalysis and an ultratrace analysis.
Introduction
Liquid/liquid extraction is frequently used as a separation method, by which a hydrophobic solute in water is extracted into oil across an oil/water interface. When the volume of the oil phase is much smaller than that of the water phase, the hydrophobic solute is highly concentrated by extraction. In recent years, the extraction of a solute from an aqueous solution into a single oil droplet with a volume of 10 -11 -10 -5 L (1 L = 1 dm 3 ) and a subsequent analysis of the solute in a single droplet without further separation and concentration processes have been reported. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Using these methods, total analytical processes were simplified and the volumes of the aqueous and oil phases were lowered. However, the solute concentration in the water phase was found to be greater than 10 -6 M (1 M = 1 mol/L) in the investigations.
Microelectrode techniques have been reported to be sufficient as in situ analytical methods for small-volume systems. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Recently, we demonstrated the extraction of a ferrocene derivative from water (2 mL) into a single micro-oil-droplet (10 -11 L) in contact with a microelectrode, and an in situ quantitative analysis of the solute using microcapillary injection and cyclic voltammetry of a single droplet. 9 When a pL oil droplet was used, mass transfer from the bulk water phase into the droplet surface was very efficient owing to spherical diffusion. Furthermore, the specific interfacial area (interfacial area/volume ratio of a single oil droplet) of the pL droplet was much larger than that of a µL droplet. Therefore, the distribution equilibrium between the oil and water phases was quickly attained without stirring the water phase.
The advantage of a microelectrode technique combined with pL droplet injection as a methodology was shown in a previous study. 9 However, since the aqueous solution volume was 10 -3 L and the solute concentration in the water phase was greater than 10 -6 M, the technique might be far from an actual microanalytical method.
Although it is difficult to conduct quantitative analyses at a low redox species concentration using a µm-sized electrode in contrast with a mm-sized one, a solute concentration of 10 -6 M has been reported to be analyzed by differential pulse voltammetry with a microelectrode. 24 When a redox species was concentrated in a single micro-oil-droplet in contact with a microelectrode, similar to an electrochemical stripping technique, an ultratrace amount of solute in the water was expected to be analyzed by differential pulse voltammetry. In the present article, we discuss our experiences concerning in situ microanalysis and ultratrace analysis by differential pulse voltammetry combined with extraction from water (50 µL) into a single oil droplet (30 pL).
Experimental

Sample preparations
1-Ferrocenylethanol (Tokyo Kasei Kogyo Co., Ltd., EP, FcEtOH) and decamethylferrocene (Aldrich Chem. Co., Ltd., GR, Fc-DCM) were purified by recrystallizations from ethanol and methanol, respectively. Tetrapropylammonium tetraphenylborate (TPrATPB) was prepared from tetrapropylammonium bromide (Tokyo Kasei Kogyo Co., Ltd., GR) and sodium tetraphenylborate (Kanto Chemical Co. Inc., G grade), and then purified by recrystallizations from acetone/hexane. 4-(N-Ethyl-N-2-methanesulfonylaminoethyl)-2-methylphenylenediamine (Kodak, PPD-1), 4-N,N-diethyl-2-methylphenylenediamine (Kodak, PPD-2), potassium chloride (Wako Pure Chemical Industries, Ltd., 99.5%), tetrapropylammonium chloride (Aldrich Chem. Co., Ltd., 98%, TPrACl), potassium dihydrogenphosphate (Kanto Chemical Co. Inc., G), sodium hydroxide (Wako Pure Chemical Industries, Ltd., 96.0%), sodium sulfite (Wako Pure Chemical Industries, Ltd., 97%), and tributyl phosphate (Wako Pure Chemical Industries, Ltd., 97%, TBP) were used without further purification. Water was used after distillation and deionization (Yamato Scientific Co., Ltd., Autostill WG221).
As the oil and water phases, a water-saturated TBP solution of TPrATPB (50 mM) and TBP-saturated water containing TPrACl (1 mM) and potassium chloride (0.1 M) were used, respectively. For PPD-1 and PPD-2 measurements, a water phase containing potassium dihydrogenphosphate/sodium hydroxide (pH = 7), sodium sulfite (1 mM) and TPrACl (1 mM) was used. The liquid-junction potential between the TBP and the water phases (∆φ) was estimated to be 0.01 V using ∆φ = ∆φ 0 + (RT/F)ln[TPrATPB]/[TPrACl], where ∆φ 0 , R, T, and F are the standard ion-transfer potential of TPrA + (-0.091 V for a 1,2-dichloroethane/water system), the gas constant, the absolute temperature (294 K), and Faraday's constant, respectively. 25 As a redox species, Fc-EtOH, PPD-1, or PPD-2 was dissolved in the water phase (the solute concentration in water (Cw)) and Fc-DCM was dissolved in the oil phase.
Apparatus
An aqueous solution (volume = 50 µL (for Fc-EtOH, PPD-1, PPD-2) or 2 mL (for Fc-DCM)) was poured onto a carbon disk microelectrode (BAS Inc., 33 µm in diameter). A single TBP droplet was injected into an aqueous solution, which was then used to cover the microelectrode (contact angle between a glass insulator of the electrode and TBP in water of ∼125˚) using an injection-manipulation system (Narishige Co., Ltd., MN-151, MMW-200/IM-16) under an optical microscope (Nikon Co., Ltd., SMZ-U). 9 As counter and reference electrodes, platinum (200 µm in diameter) and silver/silver chloride (500 µm in diameter) wires were used, respectively. The concentration of the redox species in the oil droplet (Co) was determined by differential pulse voltammetry (potential sweep rate = 20 mV/s, pulse amplitude = 30 mV, sample width = 75 ms, pulse width = 100 ms, pulse period = 200 ms) using an electrochemical analyzer (BAS Inc., BAS100B/W). All measurements were performed at room temperature (293 -295 K).
Results and Discussion
Differential pulse voltammetry of a single microdroplet
A differential pulse voltammogram (DPV) of Fc-DCM in a single TBP droplet with a radius (r) of 20 µm showed a peaked curve (Fig. 1) . As previously reported, because Fc-DCM was scarcely distributed in the water in a single TBP droplet/water system, Co can be assumed to be equal to the Fc-DCM concentration in TBP at the sample preparation. 26 The peak potential corresponding to the oxidation of Fc-DCM at the electrode (at -0.03 V) was independent of Co. At a more negative potential than -0.2 V, the anodic current was related to the electrolysis of water partitioning into the TBP phase. Since the volume of a single microdroplet was 30 pL, the amount of Fc-DCM in the microdroplet was very small (3 × 10 -16 mol at Co = 10 µM). Therefore, the peak current with the background signal subtracted (ip) was smaller than 10 pA at Co < 10 µM. Under the present voltammetric conditions, such as the pulse period (30 mV) and potential sweep rate (20 mV/s), ip was quite distinguishable from the background current. Figure 2 shows the Co dependence of ip. The ip value was directly proportional to Co at 2 -200 µM, corresponding to 5 × 10 -17 -5 × 10 -15 mol as the amount of Fc-DCM in the droplet. The error in measuring ip was mainly caused by the injection of an analogous-sized droplet. Since r was controlled to be 20 ± 0.5 µm, the error in ip was estimated as ±8%. Cyclic voltammetry of a single microdroplet with r = 20 µm has been reported to be detectable for a ferrocene derivative greater than 10 -13 mol. 9 Using the differential pulse voltammetry of a single microdroplet, a redox species greater than 5 × 10 -17 mol could be detected under the present experimental conditions. The detection limit of a single microdroplet for the differential pulse voltammetry was 10 3 times lower than that for cyclic voltammetry.
Concentration into a single droplet
To demonstrate the extraction of a solute from water into a single oil droplet and in an in situ analysis of the extracted solute, Fc-EtOH was used as the redox species. The distribution coefficient of Fc-EtOH between TBP and the water phases (K (= Co/Cw)) was determined to be 310 based on an ordinary extraction experiment.
The extraction rate was highly dependent on the droplet size, since the surface area/volume ratio of a single droplet increases with decreasing r. When the 534 ANALYTICAL SCIENCES MAY 2002, VOL. 18 extraction rate from water into a microdroplet is limited by diffusion of the solute in the surrounding water phase, the time (t) dependence of ip (ip(t)) can be obtained using the following equations:
where ip eq , τdif, and Dw are the ip at the distribution equilibrium, the diffusion-limited time constant, and the diffusion coefficient of the solute in water, respectively. Using K and Dw (7.0 × 10 -6 cm 2 /s determined from cyclic voltammetry), τdif at r = 20 µm was calculated to be 60 s. To accelerate the extraction, a smaller r is preferable. However, the amount of the redox species extracted into the droplet decreases with decreasing r. Therefore, a single droplet with r = 20 µm was chosen in the present study. In this system, Cw can be assumed to be constant during the extraction process, since the amount of the redox species in the water phase is much greater than that in the microdroplet due to the small droplet/water volume ratio. Figure 3 shows an ip-versus-t plot in the Fc-EtOH system (Cw = 20 nM). Based on Eq. (1), the observed time constant (τobs) was determined to be 200 s, which was much larger than τdif (60 s) and independent of Cw in the range of 10 -8 -10 -6 M. Since FcEtOH has been reported to be surface active in a nitrobenzene/water system, 16 the solute can also adsorb on the TBP/water interface.
Because the extraction curve was almost saturated at t = 3τobs (= 600 s), an extraction to determine a calibration curve was performed at t = 10 min. Figure 4 shows the Cw dependence of ip after the extraction of Fc-EtOH from water (50 µL) into a single droplet (r = 20 µm). At Cw = 10 nM -1 µM, ip was directly proportional to Cw. Since Co should be 310-times higher than Cw at the distribution equilibrium, Fc-EtOH in a single droplet was detected for a solute amount greater than 10 -16 mol, corresponding to Co ≥ 3 µM. Therefore, the detection limit of Fc-EtOH is in good agreement with that of Fc-DCM in a single oil droplet (r = 20 µm). These results indicate that an ultratrace amount of a redox species in water can be analyzed by the present technique.
Separation at a microdroplet/water interface
As predicted from Eqs. (1) and (2), the extraction rate is accelerated for a solute with a small K. However, the detectable Cw increased with decreasing K. To confirm the potential of the present single-droplet extraction technique, PPD-1 (K = 76, determined from a separate extraction experiment) and PPD-2 (K = 160) were analyzed by differential pulse voltammetry both in water and in single droplets. Figure 5a shows the DPVs of PPD-1 in water. Since PPD-1 is easily oxidized to the quinonediimine derivative (QDI-1) by oxygen dissolved in the water phase, the oxygen was removed with a sulfite ion. A peak at 0.1 V corresponding to the oxidation of PPD-1 to QDI-1 was observed at Cw = 1 mM. QDI-1 reacts with the sulfite ion and the sulfonated PPD-1 is also oxidized. potassium dihydrogenphosphate and sodium hydroxide reagents were much larger than that of PPD-1, a complicated DPV of PPD-1 was observed at Cw = 10 µM, indicating that the PPD-1 concentration in the water phase could not be determined at Cw ≤ ∼10 µM. Figure 5b shows the DPVs of PPD-1 in single TBP droplets. A peak corresponding to the PPD-1 oxidation was observed at -0.1 V. Because the redox impurities cannot be distributed in the TBP phase, the signals of the impurities cannot be observed in the droplet system.
Using the diffusion-limited extraction model (Eqs. (1) and (2)), τdif for PPD-1 or PPD-2 was calculated to be 22 or 42 s using Dw = 4.6 × 10 -6 or 5.1 × 10 -6 cm 2 /s, respectively. Actually, the DPVs of the solutes were independent of the extraction time at t ≥ 3τdif. Figure 6 shows the Cw dependence of ip for PPD-1 (t = 1 min) and PPD-2 (t = 2 min). For the solutes, ip increased linearly with increasing Cw through the origin. In these systems, the redox species in the single droplet could be analyzed for solute amounts greater than 10 -16 mol; this value agrees very well with the detection limit of the ferrocene derivative. Although K for PPD-2 is two-times larger than that for PPD-1, the slope of the ip-Cw plots was analogous to each other. In the present systems, the time for the potential scan from -0.2 V to 0 V (around the peak) is 10 s (potential sweep rate = 20 mV/s), while τdif is 22 s for PPD-1. Therefore, ip of PPD-1 increases because of the fast entrance of PPD-1 from the water into the droplet. These results indicate that the present technique is significant, even though the detectable Cw is greater than 100 nM in the PPD-1 and PPD-2 systems.
Conclusion
Using single microdroplet extraction and differential pulse voltammetric techniques, a redox species of 10 -16 mol was selectively extracted from water into a single microdroplet (30 pL), and could be detected independent of K. The detectable Cw and the extraction rate decreased with increasing K. We consider that a quantitative analysis in a Cw range of 10 -9 M can be easily performed for a redox species with a large K (∼10 3 ). Although the volume of the water phase was fixed at 50 µL in this extraction study, it will be lowered to ∼10 µL using the present experimental setup. It is concluded that the present approach has sufficient potential as a microanalytical technique.
